Although little is known about the genetic changes in SFGP, mutations in the Wnt signaling pathway have been recently linked to fundic gland polyps in other settings: sporadic polyps are linked to activating ␤-catenin mutations, whereas FAP-associated fundic gland polyps are caused by second somatic hits in the adenomatous polyposis coli gene. The relationship between SFGP, single sporadic fundic gland polyps, and FAP-associated polyps remains unclear, and SFGP remain poorly characterized at the clinical, histological, and molecular levels. A retrospective study was undertaken of eight patients with SFGP who had >10 polyps with at least five endoscopic biopsy specimens available for study. One additional patient with attenuated FAP who underwent partial gastrectomy was included as a control. The medical records and biopsy specimens were reviewed. Mutations of the ␤-catenin gene were evaluated in each fundic gland as well as in control nonpolypoid tissue by direct sequencing of a mutational hot spot in exon 3 of the ␤-catenin gene, which encodes the GSK-3␤ phosphorylation sites, and a HinfI endonuclease digestion assay. The four men and four women in the study were an average of 57 years of age at biopsy. All patients were on acid-suppression therapy, 5/8 with protonpump inhibitors (PPI) and 3/8 with Zantac. Sixtytwo polyps were studied, and all were <10 mm, with most between 2 and 7 mm. The polyps were histologically identical to single sporadic fundic gland Fundic gland polyps are common benign polyps of the gastric body and fundus that are typically small (most are Ͻ1 cm) and are composed of dilated glands lined by normal cell types of the oxyntic mucosa, with a mixture of parietal cells, chief cells, and mucus neck cells. Fundic gland polyps can be sporadic or associated with the familial adenomatous polyposis syndrome (FAP), which results from inherited germline mutations in the adenomatous polyposis coli (APC) gene coupled with second, somatic mutations, leading to inactivation of both copies of the APC tumor suppressor gene (1, 2). Although both groups of polyps are histologically similar, recent studies have shown that sporadic (3) and FAP-associated (2) polyps result from separate and distinct disruptions in the Wnt signaling pathway, with sporadic polyps showing activating
␤-catenin mutations and FAP-associated polyps demonstrating second, somatic mutations of the APC gene. No other mutations have been described in fundic gland polyps, and their karyotypes are normal (4) .
The Wnt signaling pathway is involved in a number of diverse physiological conditions, ranging from body axis formation (5) to liver regeneration (6) . ␤-catenin plays a central role in the Wnt signaling pathway. Normally, ␤-catenin cytoplasmic levels are kept low via a degradation pathway (7) . However, when the Wnt signaling pathway is activated, ␤-catenin is no longer degraded and accumulates in the cytoplasm, with eventual translocation to the nucleus, where it activates a number of downstream target genes including TCF/LEF (7), C-MYC (7), cyclin D1 (8) , and gastrin (9) . Mutations in the APC, AXIN-1, and ␤-catenin genes all lead to abnormal accumulation of ␤-catenin and excessive signaling from this pathway (10) .
Many fundic gland polyps are sporadic and single, but cases with multiple fundic gland polyps have been reported as fundic gland polyposis in patients without FAP or in similar terms (11) (12) (13) (14) . In this study, the shorter term sporadic fundic gland polyposis (SFGP) was used. ␤-catenin gene mutations have been demonstrated in a few cases of multiple fundic gland polyps in patients without the FAP syndrome (3). However, a detailed molecular analysis has not been performed, and there are limited histological, clinical, and molecular data available on SFGP. Thus, we undertook a review of the clinical and histological features of eight cases of SFGP and sequenced exon 3 of the ␤-catenin gene, a mutational hot spot strongly associated with single fundic gland polyps (3) . There is no formal definition of SFGP available in the literature; thus, we choose patients who had Ն10 polyps with Ն5 available for analysis. This selection criterion was based on a review of the (scant) literature that reported the distribution of polyps per case in the setting of patients on proton pump inhibitors (PPI), which suggested a possible bimodal distribution (15) , with the number of 10 polyps as a potentially useful discriminator between those with and without SFGP. This potential bimodal distribution is less apparent in studies of patients that were conducted before the widespread use of PPI (11, 12, 16, 17) .
MATERIALS AND METHODS

Case Selection
For the time period of January 1, 1990 to January 1, 2001, a retrospective search of the surgical pathology files of The Johns Hopkins Hospital revealed eight patients who had Ն10 separate fundic gland polyps with slides and blocks available for study on Նfive polyps. One of these patients (No. 2) had a few polyps that were included in a previous report (3) but separate polyps were used in this study. All SFGP tissue was from endoscopic biopsy specimens. As a control, a single patient with an attenuated form of FAP was also included. This 11-year-old girl had a clinical diagnosis of FAP but had no detectable APC gene mutations, and polyps were limited to the stomach. She underwent a partial gastrectomy for high-grade dysplasia in fundic gland polyps.
The medical records were reviewed for each patient. Each case had routine hematoxylin-eosin, periodic acid-Schiff/AB, and Diff-Quik stains available for review from formalin-fixed, paraffinembedded biopsy specimens. Additional 5-m sections were obtained for microdissection, which was performed under 40ϫ magnification with a 271/2-gauge needle. From 5 to 10 polyps were microdissected (depending on availability) for each patient, for a total of 62 polyps. In each case, additional, nonpolypoid control tissue was also microdissected as follows: duodenum (n ϭ 1), antrum (n ϭ 3), nonpolyp body (n ϭ 4), cardia (n ϭ 1), or esophagus (n ϭ 1). Ten polyps from the patient with attenuated FAP were also microdissected.
Mutational Analysis
Genomic DNA was extracted as previously described (18) . Oligonucleotide primers were selected to amplify exon 3 of ␤-catenin, which encompasses the region for GSK-3␤ phosphorylation. PCR was performed in 35-L volumes using a PCR master mix (Boehringer Mannheim, Mannheim, Germany) with 1 uM of both 5' (5'-ATGGAACCAGACAGAGGG-GC-3') and 3' (5'-GCTACTTGTTCTTGAGTGAAG-3') oligonucleotides for 40 cycles. The following conditions were used: 94°C for 1 minute, 58°C for 1 minute, and 72°C for 1minute. PCR products were then purified using shrimp alkaline phosphatase and exonuclease I (Amersham, Buckinghamshire, United Kingdom) and directly sequenced using internal primers with the SequiTherm Excel II DNA Sequencing Kit (Epicentre, Madison, WI), for both the sense (5'-AAAGCGGCTGTTAGTCACTGG-3') and antisense directions (5'-CCTGTTCCCACTC-ATACAGG-3').
All cases were also analyzed with a HinfI restriction endonuclease digestion assay (Life Technologies, Inc. Rockville, MD). With our primer set, PCR from a wildtype allele yields a 200-bp amplicon, and digestion with HinfI leads to 7-bp, 55-bp, and 138-bp fragments. Mutations in codons 32 and 33 ablate one of the restriction sites, and mutations in the second position of codon 34 ablate the other site, yielding different fragment lengths than wild-type: 62/138-and 55/145-bp fragments, respectively (3).
RESULTS
Clinical
The four men and four women in this study had a mean age of 57 Ϯ 12 years at the time of biopsy, with range of 41-70 years. All of the patients had histories of acid-suppressive therapy, including three patients with a history of Zantac use and five with histories of PPI use. The length of PPI therapy was available in two cases: 1 and 7 years. Serum gastrin levels were not available in any of the cases.
Endoscopic Features
The numbers of polyps observed in the body and fundic mucosa was recorded in many of the cases with descriptive terms such as "multiple" or "numerous." However, in two cases, the numbers of polyps were recorded as 24 and as between 20 -40 (Table 1) . A retrospective review of the endoscopic images showed that all cases had Ն10 polyps (Fig.  1) . The gross sizes were recorded in five cases and ranged between 1 and 10 mm, with most under 7 mm. The polyps were variously described as nonbleeding, smooth, erythematous; or pale, sessile, or occasionally pedunculated (Table 1) .
Histological Features
All of the polyps were typical fundic gland polyps, with dilated fundic glands lined by normal cell types of the oxyntic mucosa: parietal cells, chief cells, and mucus neck cells (Fig. 2) . The cystically dilated glands were seen both superficially and deep within the mucosa. The lamina propria was generally scant with mixed inflammatory cells, occasional wisps of smooth muscle, and mild edema in a few cases. The histological appearances of these polyps were identical to that of the single fundic gland polyps reported earlier (3) . No foveolar dysplasia was seen. The nonpolypoid oxyntic mu- In these cases, the number of polyps was not reported at the original endoscopy. We reviewed the endoscopic images in each case to ensure that all patients had Ն10 polyps. Because the available images did not routinely show the entire body or cardia, our retrospective counts of the number of polyps were for the available images only and were designed only to document the presence of Ն10 polyps, and these cases likely had many more than our count.
M, male; F, female; NA, not available. cosa showed parietal cell protrusions of the type seen in PPI therapy in five cases, in all of which PPI therapy was given. The antrum was biopsied in five of the cases and showed chemical gastritis (three cases) and inactive chronic gastritis (two cases). Diff-Quik stains for H. pylori were negative in all cases. No intestinal metaplasia was seen in the antrum or body from any of the biopsy specimens.
Mutational Analysis
In every patient, ␤-catenin mutations were detected in the polyps, but not the normal control mucosa. Overall, activating ␤-catenin gene mutations were detected in 47/62 polyps (76%; Fig. 3 ). In five of these polyps, the mutations were not observed on direct sequencing and were only detected with the HinfI digestion assay. In the 42 cases with mutations identified by direct sequencing, the point mutations were clustered in codons 32, 33, 34, and 37 and all mutations led to changes in the amino acid sequence (Table 2) . No clearly dominant mutation was seen. In each polyp, only one mutation was detected, but in each patient, multiple separate mutations were seen (range, two to six unique mutations; median, four). A previous study from this laboratory (3) described activating ␤-catenin mutations in 26 cases of single sporadic fundic gland polyps. Using the codon distribution from that study to define the expected distribution of mutated codons (codon 32: 12%, codon 33: 38%, codon 34: 23%, codon 37: 27%), the distribution of codon mutations in patients with SFGP was not significantly different from expected ( 2 , P ϭ 0.54). In contrast to the above findings, the patient with attenuated FAP had no detectable ␤-catenin mutations in the 10 polyps studied. The polyps showed extensive low-grade dysplasia and focal high-grade dysplasia but were otherwise histologically indistinguishable from single and SFGP polyps.
DISCUSSION
SFGP is characterized by numerous fundic gland polyps and was defined for this study as cases with 4, 7, 8, 10, 12 ) resulting from mutations in codons 32 and 33 (lanes 1, 2, 3, 6, 9, 11 ) and 34 (lane 5). With wild-type DNA, digestion leads to 7-bp (too small to be seen on gel), 55-bp, and 138-bp DNA fragments. In contrast, mutations in codons 32 and 33 yield an additional 62-bp band because of ablation of the first HinfI site, and mutations in the second position of codon 34 lead to an additional 145-bp band because of ablation of the second HinfI digestion site. A 50-bp molecular weight ladder is in lane L.
Ն10 polyps. It is not clear whether SFGP forms a distinct entity from patients with a single or few polyps or whether there is a continuum between these two groups. Although data are limited, there is some evidence for a bimodal distribution of fundic gland polyps, with cases tending to show either a few polyps (Ͻ10) or numerous polyps (Ն10; usually Ն20; 15). This study also was not designed to address that question directly, and additional studies will be required to clarify that point.
In this study, all patients with SFGP were between 40 and 70 years of age, and there was no clear gender association. Most studies have also shown a similar age range (11, 12, 16, 17) . Although many studies have reported a female predominance (11, 12, 14, 16, 17, 19) , other studies have not (15) .
All of the patients in this study were on acidsuppressive therapy, typically PPI. A possible casual link between PPI and fundic gland polyps was first reported in 1992 (20) and has also been noted in a number of subsequent studies (15, 21, 22) . One study (15) reported a remarkable case in which polyps appeared after introduction of PPI therapy, disappeared after withdrawal of PPI, and reappeared after the reintroduction of PPI therapy. Whatever the precise relationship between fundic gland polyps and PPI, the reports to date clearly indicate that most patients on PPI therapy do not develop fundic gland polyps and those that do have essentially no risk for malignancy. Although lowgrade dysplasia has been reported in a small percentage of sporadic fundic gland polyps, there has been no report of progression to high-grade dysplasia and no report of carcinomas. No dysplasia was seen in the cases of SFGP in this study. This stands in marked contrast to fundic gland polyps in the setting of FAP, where dysplasia and adenocarcinoma have been noted in a significant percentage of polyps (23) .
Seventy-six percent of the polyps in this study had activating ␤-catenin gene mutations. This frequency is less than the 91% frequency previously reported for single fundic gland polyps from this laboratory (3) but likely represents the use of a number of smaller-sized polyps in the current study. In the previous study, polyps were selected for ease of microdissection and generally used moderately sized polyps, though all were Ͻ1 cm. In this study, smaller polyps were often microdissected, and in these cases, the ratio of mutant DNA to wild-type DNA from blood vessels, inflammatory cells, and stromal cells may be lower than in the larger polyps and fall below the level of detection in some cases. An alternative explanation would be that the smallest polyps lack ␤-catenin mutations, but we detected mutations in some of the smaller polyps, making this possibility less likely.
All of the mutations were point mutation located in codons 32, 33, 34, or 37, which are either phosphorylation sites of the ␤-catenin protein (codons 33 and 37) or immediately adjacent to phosphorylation sites (codons 32 and 34). All of the mutations led to changes in the amino acid sequence, and that would likely interfere with normal phosphorylation and degradation of the ␤-catenin gene product. The distribution of point mutations in this study population was not significantly different from the distribution of point mutation in patients with single polyps. The presence of a single ␤-catenin mutation in each polyp and the finding of multiple unique ␤-catenin mutations in each person argues strongly against a single progenitor cell leading to multiple polyps and suggests a multifocal field effect with mutations in a number of separate progenitor cells. The lack of mutations in the nonpolypoid tissues confirms the somatic nature of the mutations in SFGP. In the one patient we studied who had a clinical diagnosis of attenuated FAP and numerous fundic gland polyps with dysplasia, no ␤-catenin mutations were detected. Thus, the presence of ␤-catenin mutations may serve as a useful marker for polyps with no malignant potential in cases in which FAP is clinically suspected but an APC mutation cannot be documented.
Despite the suspected link between PPI and some cases of fundic gland polyps, there is little information available on possible mechanisms. One possibility is that PPI may cause ␤-catenin mutations. However, in one of the cases, we used oxyntic mucosa with parietal cell protrusions (typically seen in PPI treatment) as control tissue, and no mutations were detected, suggesting that this early histologi- cal change of PPI therapy is not associated with detectable ␤-catenin mutations. A second possibility is that PPIs secondarily lead to fundic gland polyps. In the Zollinger-Ellison syndrome, fundic gland polyps are strongly associated with elevated serum gastrin levels (24) , and gastrin is recognized as a growth factor for the oxyntic mucosa (25) . PPIs are also known to cause modest elevations in serum gastrin levels, but in several studies (22, 26) , SFGP has not been associated with elevated serum gastrin levels. Interestingly, gastrin is also a known downstream target of the Wnt signaling pathway (9) , raising the possibility of local, autocrine stimulation.
In conclusion, SFGP is typically seen in middleaged adults of both genders with histories of PPI therapy. Most polyps were Ͻ1 cm and showed the typical histology of single fundic gland polyps. No dysplasia was detected in any of the cases. Activating ␤-catenin mutations were present in the majority of polyps, with each polyp showing a unique mutation and each person having multiple separate polyps or mutations. Finally, detection of ␤-catenin mutations may be helpful in excluding FAP in those rare cases of patients who have a clinical diagnosis of attenuated FAP but without detected mutation in the APC gene.
